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I I I  1991 tbc i n n o v a t i v e  Scicmcc and
‘1’cchImlogy  O f f i c e  of t h e  Ilallis\ic  hdissilc
1  le.fc.nsc Orgailization  (lIMI X)) insti:,a[e{i  a
program m evaluate 1 lall thruster te.chtmlofy
dcvclopcd  in the. former Sovic[ Union  [ 1]. Since.
that init ial  visit  lIM1 X) has picmcc.rcd  tlIc.
iiltiociucticm of this technology to the west
through a vwicty  of programs and activities that
include. suplmri of Space S ystc.ms/l mti]’s S}’rl”-
1(K) qualification program  [2-6] and dcve.lojMINIIt
of a prototype }Iall thmslcr dwtric  ~~iopulsion
systcm called R1 ll;’l-l’- 1 (Russian 1 lall llffcct
‘ll~rustc)  ‘J’cchImlogy)  [7]. lIMIX)’S objective is
to dcwc.lop  IiCw e.hxtt  ic pl opulsim  tcdlno]op,y
and suppm 1 cc~ll]tllcl-cializjatioll  of that tc4+nology
tlll”oufll tc.cbtmlogy  dcwclcqme’llt  ]Wogl  allls  and
fiigl]t  pmjc.cis.

“1’tm thruster with aimdc.  laycl-  ~J’Al,)  is
cm of the tednologic.s idcnt ified in llhfll  X)’s
ongoing I lall thrustc.r  cvaluat  ion pmgt-am. ‘1 hc
pI’Olllisit)g,  opc.rating  characteristics of the. ‘l’Al,

]Iroml)tcd  llh41X)’s intuc.st in tlmc tbws[as.
‘1 ‘k 1)- 55 ‘l’Al., for cxamp]c, has performance
charactc]istics  comjmmblc  to stationary plasma
tlmustcrs [8,9] M t}m “l’Al. ciischaI-gc.  chambu is
physically Small CI- than that of tllc S1)’l’- 100. in
ad(iitiml, the mfiss of material eroded fmm a 11
55 “l’Al. may bc ICSS compared to IIIC S1>”l’- 1 ()()
[9,10].

‘1’hc ph ysical principle of opmt ion of the
“l’Al. was first proposed by A .V. Yharinov
allmst  30 years ago [ 11-1 3). IIally dcwclo~mmt
of the ‘l’Al. comntlmd  OII the double.- stage
tlllustcr  [14,15]. By the. md of the. 1 960’s a
double- St agc ‘l’Al . using b i s m u t h  a s  llIc
pl”opcllant  hfid bcm Opcrmi at up to ] 00 kw
with a sl)c.cific  irnlmlse of 8,()()0 s ami a total
c. fficiemy of c]osc to 0.8 I 15,16].

IIy t}lc, ]  ~~()’s, }1~,~7~v~*,  tllr~lst~r
[ic.vc.lojM ncnt lla(i outlwcd  the. avai  ltibilit  y of high
power ili spare an(i the prog,ram was rcciilccte.(i  to
cmphfisix  cicwcloj)~ilemt  o f  low ami mcdiuli”r
powc.r  thi-usters  o~xl  s t i n g  on ralc g a s e s .
Rcse.arch  cffmls ccntcmxi  Oli lhc (icvekpmnt o f
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ti}~igl~-efficic.l~cy, sit~glc-stage’ l’Al. t}]at could be
operated 011 XCl)OJl  [ 17- 20].

‘1’hc lHkllX) progrm  h a s  fumed  on
thrustc.rs that opmte  at an iJqNIt power of  1 .5
kw. ]Iowcvcr,  thrusters that operate at d
J) OJllitMl il)]mt ]XNVCrOf 4.5 kW were Of iJlteJ’CS~
for the IIMIX) “1’opa7. p r o g r a m ,  ‘1’hc IIMIX)
program has included evaluation of a “1’- 160 SP”l’
developed at the KeJdysh Research lnstitutc  fw
‘J’hcrmal Processes (Nllrl’l’) [21] and a 1)-100
“I’Al.  devclc)}~cd  at’J’sNIIMAS}l. “1’hcl’-l6O was
evaluatccJ  at NI1’1”1’ancl  NASA’sl.e.wis  Rcse.arch
(:entcr  (]zI<~)  [22], and the. ])-100” “l’Al/ WaS
developed at “1’sN1lMAS}l  ancl evaluated at
‘1’sNIIMASll  and J]’],,

“J’hc  II-I(K) ‘J’A1. is a new, single- stage,,
high-povm ‘J ‘Al. designed to operate at n nominal
input pmvc.rof 300V, ” 15 A. It is diffe.rcmt than
it’s double- stage. predecessor ckwclopcd  cadier  al
‘J”sNIIMASI  1 [23], wliich was developed for
high spe.cific-impulse missions. ‘l”hc 11-100” was
cJcvelopcd  to ojmrate efficicmtly  al disc.hwgc
vcdtagcs  below 6(JO V.

hlission studies indicate. that substantial
Il)ass sfivings ale  p o s s i b l e .  using 1)- 1 ( K )
tcclmolog,y  fm primary propulsion for orbit
maintenance, mbit raising and for J])l. ~dm~ctnry
missions. ]’owcr levc]s available OJ1 Conmcrcitil
communication satellites arc increasing, so the
sate.tlitc industry will look to tce.hnolop,ies such as
the I)- 100” and “J’- ] 60 to enhance mmpc.titivcncss.
‘1’his paper presents the results of a preliminary
evaluation of tllc D 1(X) “J’A1; pc.rformance.  and
pluJnc. characteristics over a thruster iJqnlt powc.r
range of 1.34-7.5 kW arc pme.ntcd.

11-MQMw.MmAxuxms

‘J’hc 1>-100” ‘J’AI, pkisma  thruster is shown
in l;ig. 1. ‘J’his  thrustcx was tested using  the,
same. I]oI1ow cathode, employed in the 1)-55
anode .  lnycr wcm test rcpormd  in Re.f 9. ‘I”hc
thrust cr has a di schargc chamber outer diamclcr
of approximtcly  100 mm, mc.asurcd  across the
inner dimcter  of the ou[cr ring cover. “J’hc
distance, measured cJiag,onall  y from the outcx
mag,nctic  co i l s  to the. ccntcr of tllc  thl ustel  is
appmximatc]y  180 mm. “J’} II”USICI  kl)~th iS
approximately 120 mm. Mass of the laboratory
mode] 1)- 1(K) thruster without a e.athodc is 7.17
kg,,

‘J-he I)- 100 consists of two main p:ir{s- a
mgnc.tic systcm that crcatcs the dcsircxt magnetic

field emfisurtit  ion at the. thrustel channel, an(i an
anode assembly locmxi  near the downstrcanl  fi~ce.
of the. tlmustm  thal serves as the positive. electrode
and pmvidcs for uliifmii d ist tibut ion of the
XCJKMl ii I  the, ciischal”gc Chi3111bCI. “J’hc Inaj:nctic
Cil”cuit  COJI  Sists Of cmc CC. IltCr C] C4WolUaf!,l)C~  and
four e.xtel nal electromagnets located at eiich
corm of the tlmus(cl  tmcly. ‘J ‘k series-
conncckd external coils and the ccntcr coil arc
~mvcl cd scjxi~-atcl  y by two cent mllablc  power
suJ@ie.s; magnetic coil power consmnption,
including both the inncl- and outel coils,  is less
than 15 watts at the maximaii  thl’LISteI power
O])CJ’at i llg level  of 7.5 kw.

‘J’he magnetic ckuit provides a ma:nctk
fJux density al the. discharge region of up to ().1
‘J’. It is made frmn sofl iron an(i is used as the
stwcturc for all other thruster compcmcnts  that
arc mounted to the mas,nct  ic circuit. “J ‘o enable.
hig,h power operation the magjnctic poles were
fidbricated  from a cobalt alloy with a high Curie.
point to increase. the dcmagnc(izat ion
tempcu  fit urc. ~irapllitc  ring covers m located
a[ljaccnt  to the, magnetic pole picms m protect the
po]c pieces f! on] erosion duc to acce.lcmtcd  ion
I}otllt>:ir(llllellt.  (imphitc  was sc.lccted  because of
i (‘s superior t hmnal and sput tcring propcrlics.

‘1’tm anoctc asscmb]  y is a welded t ormidal
smctuJ-e  with a graphite propellant distributor;
u sc of graphite for this component increases
~hrustm operating temperature capability and
enhanm  the radiative cooling, of the anode duc to
g,rap}lite’s  high cmissivity.  A cylindrical mtallic
fyid with a transparcmy of 50% shiekis  the
c.xternal  s i d e .  suIFdces  of the of the a n o d e
assembly from aJ”CiJl~  to llCaJ’by thl”UStCr
ccmIp(MIcnts  an(i the thruster body.

‘J’hc cathode ncut  ralim is mounted to the,
tht ustu bmiy on cmc s i d e , l)uring testing at
‘J’sNIIMASII,  tlm 1>-100”  was o~)c.rtttcd  using a
laboratory 1 .alM cathode; this cathode was not
optimized for operation with the. I)- 1()(). ‘J’c.st  ing
of the ])- 1 (K) at J]’]. was performed using  the
same NASA hollow cathode  cmploye.d  for the. 1 ]
55 evaluation and weal test,

JEL.-AITAI{A’I’UJ$

‘1’hc cvaluaticm  at JP1. wtis pcrfolmcd  in
a 3.1 -In dia. x 5.1 -m stainless steel vacuum
chamber  cquippccl  with three. each, 1 .2-nl
Ci iamc.lcr  helium cryopumps. ‘J’IIc minimum no-

load tank prcssmc was observed to be 1.33 x 10-
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5 pa (1 x I ()-7 “Jiorf).  ‘1’he mtcd pumping speed
for the three pumps combined is 81,()()() liten/s
cm xenon, however the mcmurcd pump speed cm
xenon  for this Pdcility  is approximately 50,()()()
1/s.

‘l-hc thmstcr was mounted near onc cnd
of tbc vacuum tank, direc[]  y facing a cryopump
which is positioned at the other cnd of the.
vacuum tank. “1’0 protect the cryopump  and
minimize the amount of material sputtered back to
the thruster, the. facility was lined with p,rtiphitc
as cicscribcci  in Ref. 6.

‘1’ank  premm-c was mcasmui  using two
ion gauges. Onc gauge tube was mounted
directly to the cmtcr wall of vacuum tank; the
olhcr tube was mcmn(e.d inside. the vacxlunl tank,
approximately ().5 1 m above and ().58 m bebinci
the. 11-100. ‘1’his tube was calibrated cm xcncm
and nitrogen using a spinning rotor gauge that is
traccab]e to NIS1’.

‘J’he propellant system for supplying
xcncm  to the D-100 thtwstcr was crest ructexi
from ().(il-cm-ctia  stainless-stcz]  tubing that was
scrubbed with acctcmc  and alcohol before
asscmb]y. “1’hc xenon supply ptmsurc  was
indicated by a capacitance manometer ti~at was
calibrated to an aczumcy of ~ 0.25% at 2.49.94
kPa, Micrcmcter  valves located inside. the
vacuum chamber were used to cmt to] tlm flow
rates to the. discharge chamber and cathode.. ‘J’hc
pre.ssurc in the propellant tubing was above
atmospheric pressure up to t h e  micmmctcr
valves. ‘1’his design is beticved  to prevent
ox ygcn cmtaminat  ion and cathocic  poi scming
be.cause those parts of the pmpcllant  system thnt
arc below at mosp}]crjc  pressure arc locate<i  i nsidc
the vacuum chamber.

‘1’hmmal mass flow meters were used to
measure the total and discharge propellant flow
TatCS. ‘J ‘hc fJOW lllCtCrS  wcm Ca]ibratexi  c)Jl xclmn
using a bubble. vcdumctcr.  lkzausc  dw flow
meters available were inaccumtc at fic)w rates
typically used by the holicw cathode, the cathode
flow Me. was calculated by subtracting the
discharge flow from the total flow rate, ‘J’hc
bubble, voltmeter data cm xcJmn were cwrvc. fit
an(i the. cwrvc fit was incorpotxte(i  into the D- 1 (K)
ciala acquisition and control prc)gram.

1 n this paper and in previcmsly rqmr[cd
1 lall thruster data from this fxility [6,9,] the
vcdumcttic  flow rates based cm bubb]c  volumetcr

Caliblaticms  were convcxled  to mass flow mtc
using  t h e  Meal G a s  1  .aw to calcwlatc  t h e
COINTJ’SiC)Jl factor from standard cubic
ccntimctcrs pcr minute (sum) to mg/s. “l’his
CCH)VC.J’SiC)Jl fmc~r is: 1 SCCIII  = 0,09753 J@S.

1 Icwvcvcr, bascci  cm ccmvcrsaticms with
the. N a t i o n a l  ]nstitute  for  Stan(iards a n d
‘J’cchno]ogy (N IS’1’) [24] and cm calulaticms
pcrfcmmd  for the NS”I’AR ion eJ~ginc  [2.5]  a
mcmc acmrtitc  ccmvcrsicm fidctor may bc: 1 sccfn
: ().()9838 mf!js.

If the ccmvcrsicm  factor used for the
NS’J’AR program is correct, ciata  presented for
the l)- 1()() and for c)thcr  1 lall thrusters would
require a slight correction to the, Cvtlculated
ttu uste.1 flow rates an(i to calculated thruster
cfficimcy.

‘J’hc. 1)-1(K) was mmntui m an inverted
pc.ndulum st ylc thrust stand of the type developed
at NASA 1,cRC [26]; in this ciesign, thrust is
in(iicate~i  by a linear volta~c  d isp lacement
transducer (1 ,Vl )’1’). ‘1’hc thruster was mounted to
tbc thmst  stanc]  but was electrically isc)latcd from
tl)c thrust stanci a n d  fxi]ity grcmnd.
“1 ‘lle.l-l]lc~c)t]~~lcs were at tachcd  tc) the thruster
boci y anti tc) t h e  c a t h o d e  fc)r tcmJwratLme
lilC~Slll’c.t))ct)ls. ‘J’k thrust stand is surrmlnded
by a watt.r-cc)cde,ci housing to n~irlimim
tempcrat  we. effects cm the. mcasureki  thrust,
“1’htwst Stal)(i inclination was adjuslcd
continuously by computer to improve the
accmc y of the thrust mcasmmcnt, “!! ’hrllsl
stanci cwlibraticms Were pc~ formcct in-situ
throughout the 11-100 cvaluaticm  using a set of
weights. Repeatability of the Cmlibraticms  were
normally bctm than ().5 %.

‘1’hrust is cictcrmined  from the ciiffcrcncc
in the 1 .V1>”J’ vo]tagc with the thruster cm and off,
anti multiplying the 1.VI M’ vcdtag,c  diffcrcncc  by a
fmtor cicteminwi  from the dca(t-weight in-situ
calibration. “1’hc most accurate  way tc) dcteminc
the “thruster off” 1 .WYI’ voltage is to measure the
1.V1 YJ’ voltage within OJIC scccmd of the thruster
being turned offi in this way thrust stan(i drift
duc to t h e r m a l  or c)thcr cffcc[s s h o u l d  b e
clin~inateci.  1 lowe.vcr, thrust mcasurcci using this
proceciure does not inc]udc the. small thrust
C] ClllCJlt  Ciue. to cxpan sicm of hot XCJICJtl out of the
thruster.

‘1 ‘otal t hrost  fcm t hc 1)-1(K) rcportc.d herein
is the SLIJN of the measured ehxlrmtatic thrust
p] us aTl estimate of th~ ust prcwicicci by tile, hot

3



xenon flowing through the thruster. The estimate
for thrust duc to expansion of hot xenon out of
the thruster was calculate41  using the following
formula:

li = Mci(8k’1’  / II m)’n, w}mre

]/ = ‘J’hrust due to expanxion  of xenon out of
the D-100” ( Nt )
Md == ]Iischargc flow mtc (Kg/s)
k = IIoltzman’s  constantr,1 = D-100 bod y temperature (K)
m = Xenon mass ( 2.18x 10”?- Kg)

“J’hruster efficiency reported hcrciti
includes cathode flow rate, discharge power, and
mgnctic  circuits power unless otherwise noted.
“]’hc discharge flow rate was conccte.d for
backflow using a simple mathematical model that
is based on the vacuum tank pressure and the
discharge chamber area of the D-100. Area for
backflow calculations was estimated by
‘1’sNIIMAS11 and is assumed to be the area
between the thruster pole pieces, which is
approximate] y 62 cm+ [ 28].

TsNIIMASH est imatm that most
bae.kftow  atoms that enter the discharge chamber
arc icmizmt,  and that ionization of xenon tha[
backflows into the thruster occurs in regions of
low potential [28]. Backflow neutrals ionized in
the discharge chamber contribute lincarIy to an
increase. in discharge power but may contribute
only a small incrcmcnt to the total thrust. If
thrust does not incrcmc substantially due to
backflow of facility neutrals into the thruster, the.
efficiency reported in this paper will Iw
conscrvat ivc.

“l’he thruster was operated using
labmtory  power supplies for the discharge and
cathode igniter. ‘J’hc discharge supply limit was
600 V and 16 A, rcspcctivcly,  therefore it was
not possible. to obtain thrLtster data at discharge
voltages cxcccding  600 V. A IX low voltage
start supply across the igniter and cathode emitter
was used to starl the cathode. No output filtering
across the thrLlster was used,

A IT based data acquisition (l)A~)
systm was used to monitor the vacuum facility,
and to measure and rccorcl  thruster data. A total
of 56 channels that included thrust, xenon mass
flow rate, anode voltage and current, floating
voltage, magnet current and voltage., tank
pressure and various other fi~cility  components
were monitored and recorded as a function of

time. “1’hc data were avcmge.d  in real time and the
averaged val ucs were c1 isp]a ycd on a mm itor
screen and recorded on the computer hard disc
every 3-60 seconds; higher data recording rates
were used during the first 30 minu[es ancl last 5
minutes of thrLlster operation to examine vwious
thruster opcmting  characteristics and to obtain
more pl ecisc thrust measurements.

~~) , ‘1’]{;S”J’  ]J]{()~‘h; ) J I{lQ

‘1’hc 11-1(K) discharge and cathode, were
purged with xenon  when the nwc}~anical  pumps
were used to pump the vacuum tank from
at nlosphere  to 50 m“l’orr. “]’he. thrLlstCr Was
turned on by energizing the discharge supp]y and
magnetic coils, and then igniting the cathode.. A
photogl  aph of the 1)-100 operating in the J}’].
Pdcility is shown in liig. 2.

‘1’hrLlslcr  stall-up  p r o c e d u r e  w a s  a s
follows: thruster clischargc flow was set to a
maximum of 1() mgh and the cathode flow to ().6
mgke.c. Clathode flow was set to approximately
al ().6 mg/s. Discharge voltage was set to a
nutximum of 600 V on the discharge power
supply, and cathode igniter voltage was preset to
20 V. The internal and extcml  magnetic coil
power supplies were set to between 0.8- 1.1 A.
Omputcr  data storage frequcricy was set to
every three seconds. After the cathode was
conditioned via the tip heater the igniter supply
was turned on, which always resulted in cathode
ignition and thruster start. Normally the
magnetic coil current did not require any
adjustments after the thruster was started,

“l’he thrus[er  was operated for one hour at
300” V and 1() A to hu~t  and outgas  the thruster.
‘J ‘his procedure is especial] y important because.
outga ssi ng by the graphite ring covers can result
in a high current arc between the ring covers and
the anoclc, which could possibly result in damage
to the, ring covers. liollowing  operation for one
hour at 3 kW, thruster performance was mapped
by varying the discharge voltage, discharge
current and flow rate. A l l  pcrforlnancc
measurements  prescnte41  in t}lis paper were
obtained after the thrLlster  had operated for a
minimum of 10 minutes. Idow mte and thrust
stanc] calibrations were performed after
approximatcl  y every 8 hours of t}~rLlster
opcrat ion, Plume data were rccordcd using a
probe. rake described in Ref. 6.

,1, N1lJVIAS}I “ ‘ m’ {’ ‘ ],,~~
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Preliminary testinz  of lhc 1)-1()() thrLlstcr. <.
at “1’sNIIMASJI  was performed in a lm x 6-nl
stainless- steel vacuum chamber eqLlipped with
five each, 0.8-m diameter oil diffLrsion  pumps
opcrtmd  without cold traps to increase the
pumping specct. Tank pressLlre  while the thruster
was in operation was 2-4.5 x 10“2 Pti ( not
corrected for xenon) for a mass flow rate range
of 6-13.5 nlg/s. “1’ank pressure was measured
using icmi7atiorl  gauges.

“l’he discharge power supply is a
cent m]lable three-phase rcct ificr with an 1,~ filter
to smooth output voltage oscillations to less than
3 6%. ‘1’he discharge circuit included a ballast
resistor to limit the discharge current in the event
of arcing or shorts. lntcrnal and external
magnetic coils were cncrp,imd with indcpcndcnt
current controlled power supplies providing a
constant output current, Voltage and current
n~casurcmcnts  were obtained using analog meters
with a nwasure.rmnt error of ICSS than i 1 %.

The propellant system included
independent cathode and discharge supj)]y lines
that were manually controlled using fine leak
valves. ‘l”hrustcr flow rates were measured using
a constant volume  tcc}miquc  corrected for gas
tempcmturc  and atmospheric pressure [ 29].

‘l’he thrust stand is a null-balance type
described in detail in Reference 29.

in Fig. 3 is plotted thrust and efficiency
(cathode flow rate was included in the efficiency
calcLllation)  as a fL1nct ion of di schar-gc voltage for
a discharge current of approximately 7,4 A. “l’he.
thrust values shown in I;ig. 3 inc]Lldc  a cold gas
flow component as discussed. Uncertainty in the.
efficiency is due primarily to thrust mcasurcmcnt
unccrtaint  y. Tbcse  data indicate that thrust and
cfficicnc  y incre.asc  with increming  discharge,
voltage.

‘1’hrust, efficiency, and specific impulse
are shown as a function of discharge current in
l;igs. 4-11. “l’he data in these figures indicate that
t}mrst  and efficiency increase with increasing
discharge current and discharge voltage.
}lfficicncy ranges from a low of ().42 at 300 V
and 4.42 A discharge to a high of 0.62 at a
disc}largc voltage of 600” V and a disclmrgc

current of 12.5 A (thruster input power = 7.5
kW). Specific impulse ranges from a low of
1,460 s at 3(K) V, 4.42 A to a high of 2,770 s at
600 V and 12.5 A. It is believed thnt the
performance of the II-1(K) at 600 V and 12,5 A is
the highest reported efficiency observed in 1 lall
thruster testing in the west. nigher values of
efficiency may be possible, since the thruster was
not tested at it’s maximum discharge power.

l~ischarge  efficiency is shown in l;igs.
12-17. The data in these figures indicate that
discharge efficiency increases with increasing
discharge current, voltage, and power.
]>ischargc efficiency ranges from a low of ().45 at
300 V and 4.42. A to a high of 0.644 at a
dischmgc  voltage of 600 V and a discharge
current of 12.5 A (thruster input power = 7.5
kW).

I )ata measured at TsNII MASI 1 are shown
in “1’ab]c 1. Gncrall  y, the flow rate for a fixed
discharge current and voltage measured at
‘1’sNIIMASI  1 is ICSS than the flow me measured
at JP1.. ‘1’his is due likely to differences in
pumping systems and flow calibration techniques
at JPI, and ‘J’sNIIMASII,  l;or a fixed discharge
voltage and current, there is good agreimcnt
between JP1, and “1’sNIIMASll  for data obtained
bctwccn  300-350 V; at higher discharge voltages
the thrLlst  measured at “1’sNIIMAS}I is gencrdly
grcatc.r  than the thrust measured at JP1.. Again, it
is likely that the differences are due to usc of
diffe.rent fi~cilities,  usc of a different cathode., and
to usc of different methods for measuring thrLlst,

II* l’lumc c~. .

Plume  data for the D-100 measured at
J1’1> arc shown in l:igs.  18-21. ‘l’he distance
between the probe and the downstream face, of
the 1>-100 was approximately 114 cm, similar to
the distance used in mcasurememts  of the SPT-
100 plume [Ref. 6]. The probe was covered
with plasma-spray-coated tungsten to redLlce the
secondary electron cmi ssion coefficient [ Rcf.
()] .

in l~ig, 18 pllJnw current density for a
ctischargc voltage of 300 V and various discharge
cLmcnts  is plotted as a function of angle wrt the
thruster axis. ~le data indicate that, for a fixed
discharge voltage, the peak current density
increases with increasing disc}~arge  current. in
addition, the data indicate that the plume fLdl
angle at half-maximum (F’W11 M) increases with
increasing di schargc  current. I ‘or example, the

5



J~WI IM for the case where the discharge cLmrent
is 4.42 A is approximately 15 degrees, whereas
the I;WI 1 M for the case where the discharge
current is 12.52 A is approximately 20 degrees,
“J’hc plume divergence angle for the SIyl’- 1 (K) was
determined from previous testing to lx
approximately 16 degrees [Refs. 6, 27]. It is
significant that the D-100 plume divergence angle
at 1.34 kW is similar to the SPT- 100 I/W] IM.

In Fig. 19 plume current density for a
discharge current of approximately 7.5 * 0.3 A
and discharge voltages ranging from 250-500 V
is plotted as a function of angle wrt the thruster
axis. The abscissa in this gmph was expanded
for better pictorial resolution of the data. The
data indicate that, for a fixed discharge cLmrent,
the peak current density increases with increasing
discharge voltage. In addition, the data indicate
that the plume FWl IM decreases with increasing
discharge voltage. For example, the plLmle  fLlll
angle for a discharge voltage of 250 V, 300 V,
400 V, and 500 V are approximately 30.7, 14.1,
14.1, and 11.9 degrees respectively.
Significantly, these data indicate that under
certain conditions the plume divergence angle
may be lCSS than approximate.] y 14 degrees.

~’hc plume current density profiles also
exhibit a doubly-peaked profile as shown in Fig.
20. Generally, the greater the disc}~arge  voltage
the more pronounced was the doubly-peaked
profile. l;or the case where the discharge current
was 4.2 A and the discharge voltage was 300 V,
and for the case where the discharge current was
7.79 A and the discharge voltage was 250 V, no
doubly-peaked profiles were observed. These
data imply that at higher discharge voltages a
sonww}~at  annular-shaped plume strLlctLwe  is
maintained due to superior foeussing of the ion
plume. Doubly-peaked plume profiles were not
obsmved  in the S]>T- 100 wear test [Ref. 6].

Plume profiles for the D-100 opmrtcd  at
1.33 kW and 4.7 kW are shown in l;ig. 21. At
1.33 kW the plume has a similar current density
to that observed in the SPT- 100, but the
divergence angle of the D- 100 is perhaps slightly
less than the divergence angle for the SPT- 100.
At an input power to the D-100 of 4.7 kW, the
current density is 2.9 times the current density tit
300” V and 4.42 A, and the plum divergence
angle is approximately 14.9 degrees.

JII, l)ism Current and Dischargg
yollagc oscl~

. .

6

IIischargc  current and discharge voltage
oscillations were measured at the vacuum
chamber fecdt hrough in the same manner as
discussed in Ref. 6. A laboratory power supply
with 1(K) UF across the supply output, but
without external filtering, was used for the 11-100
discharge in these tests. Oscillation data are
shown in Figs. 22-23 for an input power of 2.1
kW and 7,5 kW respectively. Oscillation
frcqLmcics  were typically approximately 33
k} Iz, which is similar to those observed in other
IIall thruster tests [ Refs. 6]. current  oscillation
amplitudes increased with discharge current bLlt
never exceeded approximately 6 A peak-peak.

UJ* Disc- C,urrcnt.
aIMlEixlla4LR

‘l-here are no data concerning operating life of the
1)- 1()(). Estimates for wear characteristics of the
D-100 are based on data from wear testing of the
1)-55 operated at 1.35 kW [9] and on known
physics for the D-100. TsNIIMASI1  estimates
that the operating life of the D-100 at 600 V and
7.S A, corresponding to a thruster input power of
7.5 kW, is greater than 5,000 hours [Ref. 28].
‘1’he estimate is based on the fact that in the D-1(K)
at 7.5 k W the plasma ion dcnsit  y is compamblc
to the 11-55 at 1.35 kW, and that dLle to the larger
physical size of the D-100 the rit~g covers and
prokctivc magnetic pole piece covers can be
made thicker than in the D- 100 model tested.

~~~(-~

AD- 100 thruster with anode layer (TA1.)
w a s  evalLlated  at JPI. and  “1’sNIIMAS}l.  A
bariLml-calcium-alu  minate hollow cathode
Pabricatcd at JP1. was used to provide electrons
for the discharge and to neutralize the beam,
while ‘1’sNIIMAS}l  used a laboratory 1.R6
cathode. Neither cathode was optimimd  for
operation with a xenon-fLleled  D-100 TAI..
‘1’hruster efficiency increasd  with increasing
discharge voltage and current, to a maximum of
0.62 at 600 V and 12.4 A. Thruster efficiency at
a discharge voltage of 300 V and discharge
cLlrrent of 4.4 A was a respectable 0.42,
demonstrating that the 11-100 ean be operated
efficiently over a wide range of input power
(1.35 to 7.5 kW). ‘l’he maximum specific
impLd sc n~easLrred  was an impressive 2770 s
incluciing mass flow for the cathode, which is the
highest specific impLllse  yet measured in a I lall
thruster operated in the west. Plume data
indicate that the plLmE divergence angle for the
D-100 is comparable to or lCSS than the S1}’l’- 100.
Plume. divergence angle increased with increasing



discharge current and decreased with increasing
discharge voltage. Discharge current and voltage
oscillations were similar to oscillations observed
in other IIall t}muster  testing. TsNIIMASII
estimates that the operating life of the D-100 at
7.5 kW is greater than 5,000 hours; this estimate
is based on comparing ion current densities in the
D-55 and D-1 00 and allowing for the potential to
increase protective ring cover and pole piece
cover thicknesses in the D-100.

“l’he excellent performance and wide
range of efficient operation, combined with it’s
operational simplicity, good plume characteristics
and high thrust density make the D-1OO ‘l’Al. a
good candidate for a nLmdxr  of future high
power propulsion applications, including
commercial communication smlli te
stationkeeping, h i g h  thrL~st orbit transfer
propulsion systems, and for JPI. planetary
missions.
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TABLE I

D-1OO OPERATING CHARACTERISTICS MEASURED AT TsNIIMASH

Discharge
Voltage

v

300
300
300
300

350
350
350
350

400
400
400
400

450
450
450
450

500
500
500
500

Discharge
Current

A

7 . 9
10.0
12.1
14

7 . 6
9 . 7

1 1 . 8
1 5 . 9

7 . 5
9 . 5

1 1 . 6
1 5 . 5

7 . 3
9 . 3

1 1 . 4
1 4 . 4

7 . 2
9 . 2

11.2
1 3 . 2

Discharge
Flow
mgls

7.316
9.208

10.5
12.42

7.316
9.208

10.5
13.76

7.316
9.208

10.5
13.76

7.316
9.208

10.79
12.93

7.316
9.208

10.79
13.7

Total
Flow
mgls

8.316
10.208
11.5
13.42

8.316
10.208
11.50
14.76

8.316
10.208
11.50
14.76

8.316
10.208
11.79
13.93

8.316
)0.208
11.79
14.7

Thrust
9

15.32
19.14
21.5
24.84

16.17
20.2
24.09
30. ?.0

18.08
22.36
26.3
33.8

19.4
23.87
28.8
33.94

20.42
25.38
28.4
35.10

specific
Impulse

s

1842
1875
1869
1 8 5 0 . 0 9

1944
1979
2094
2046

2174
2?190
2286
22?90

2302
2338
2?442
2436

2455
2486
2 4 0 8 . 8
2388

Total*
Thruster
Efficiency

5 7 . 1 6
5 7 . 7
5 3 . 6
5?. .17

5 6 . 7
5 6 . 5
5 8 . 6
5 2 . 5

6 2 . 9
6 1 . 8 8
6 2 . 2
6 0 . 0

63.7
64.0
61.7
61.26

66.8
65.86
58.6
53.6

‘includes cathode flow rate
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Fig. 20. Doubly-peaked plume profiles in the D-100 TAL. —
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Fig. 21. Plume profiles for an input power to the D-1OO TA1 of 1.34 and 4.7 kW.
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